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PZA is a prodrug that enters MTB by passive diffusion where it is converted into pyrazinoic acid (POA) by bacterial pyrazinamidase [ Figure 1 ]. [3, 10, 11] POA is expelled from MTB by an efflux pump system into the acidic extracellular space where it is protonated. This acidic environment is believed to occur as a result of active inflammatory cells within the tissue of the infected host. The protonated form then reenters MTB where on the acquired proton is released. This cycle is repeated multiple times resulting in intracellular POA accumulation, reduced pH, and a lethal disruption of membrane permeability resulting in cellular damage. [11] [12] [13] The methods currently used for determining PZA resistance include lengthy cultures such as MGIT 960, [14] BACTEC 460, [15] and culture proportion methods as well as the relatively fast but subjective Wayne test. The Wayne assay is a qualitative test based on the detection of POA in the extracellular environment through a colorimetric biochemical reaction. [16] This method uses the presence and absence of POA as evidence of MTB susceptibility and resistance to PZA, respectively. Due to the Wayne assay's simplicity, it is extensively used in developing countries. However, it has two main limitations. First, it is qualitative and, therefore, subjective because it is based on the observation of a red band. Second, the Wayne assay can only detect relatively high POA concentrations of more than 0.5 mM (P. Sheen personal communication). Therefore, it requires several MTB colonies to be harvested from a preliminary agar culture. More recently, it has been demonstrated that the measurement of accumulated POA in the supernatant of a 1-2 days PZA exposed liquid culture can be used as a quantitative biomarker of PZA resistance. [17, 18] A variety of methods exist that are used to both detect and quantify the presence of PZA. These include the characterization of PZA by voltammetry using polyhistidine modified electrodes. [19] PZA detection through UV-V is spectrophotometry using multivariate calibration, [20] as well as several chromatographic approaches. All of these methods have a low limit of detection for PZA, (approximately 8 nM-0.4 µM). However, the aforementioned methods require expensive equipment and nonreusable components. These factors prevent the possibility of their use in low-resources settings. More importantly, though is the fact that these methods have not been previously used for the identification of POA.
In this study, we set out to develop an affordable method for POA detection that can be utilized in resource-poor settings. To achieve this, we created two inexpensive reusable sensors consisting of two working electrodes and a portable potentiostat that are capable of measuring low concentrations of POA in solution. To the best of our knowledge, this is the first reported economical POA electrochemical sensor.
Methods

Development of the electrochemical sensors
The sensors developed were based on a two-electrode electrochemical cell as reported in the literature. [21, 22] Two working electrodes were made from gold (Premion ® , 99.985% pure by Alfa Aesar, Tewksbury, Massachusetts, USA) and platinum (99.95% pure by Word Precision Instruments, Sarasota, Florida, USA) wires. In addition, a counter electrode was made from stainless steel cylinder. To fix these wires at the center of the stainless steel cylinder, a dielectric acrylic polymer (Valux™ Plus by 3M ESPE, St. Paul, Minnesota, USA) was used to fill the internal space [ Figure 2 ]. Using this approach, we built two sensors of different sizes: A large sensor [ Figure 2a ] with a 13.2-mm external diameter and a 9.5-mm internal diameter with two working electrodes (gold and platinum) of 1-mm diameter each and a small sensor [ Figure 2b ] with a 4-mm external diameter and a 3-mm internal diameter with two working electrodes (Gold And Platinum) of 0.5-mm diameter each. For the rest of this article, we will refer to the small and large electrochemical sensors based on the working electrode that is selected for use (i.e., small gold, small platinum, large gold, or large platinum). The large sensor was designed to enable the measurement of a 5 ml sample contained in a 10 mL beaker, while the small sensor was made to enable the measurement of a 150 µL sample in the well of an ELISA plate. The material cost of each sensor was approximately $80.
Detection of pyrazinoic acid in water-based solutions
Water-based solutions of varying concentrations of POA (1 µM, 2 µM, 4 µM, 8 µM, 10 µM, 20 µM, 40 µM, 70 µM, and 100 µM) were tested using the electrochemical sensors. These solutions were created using chemically pure POA obtained from Sigma-Aldrich (St. Louis, Missouri, USA). A portable potentiostat (Uniscan PG581 potentiostat by Uniscan Instruments Limited, Buxton, Derbyshire, United Kingdom; approximately $5000 at time of purchase) was used with our electrochemical sensors to perform linear and cyclic voltammetry measurements of all of the POA solutions. The voltage setting for these experiments was 0.01 V/s from −2 V to +2 V for linear voltammetry and 0.01 V/s from −2 V to +2 V to-2 V for cyclic voltammetry. The potentiostat was used to measure the current produced by the variation of voltage in the POA solutions. All voltammetry was performed at a working temperature of 22°C. All measurements of current were performed with both sensors and with both the platinum and gold working electrodes. Six repetitions of voltammetry were undertaken for each POA solution.
Detection of pyrazinoic acid, pyrazinamide, and a combination of pyrazinoic acid/pyrazinamide in the supernatant of a negative liquid-based microscopically observed drug susceptibility culture
To test our electrochemical sensor under a more clinically relevant biochemical environment, we undertook a control microscopically observed drug susceptibility (MODS) culture. [23] Following incubation, we collected the supernatant of the negative MODS culture and added POA and PZA to make two distinct stock solutions with final concentrations of 6 mM of POA and PZA, respectively. Using these stocks, we prepared solutions with different concentrations of POA or PZA through further dilution with MODS supernatant (5 µM, 25 µM, 50 µM, and 75 µM of POA or 575 µM, 600 µM, 625 µM, and 645 µM of PZA). In addition, we also prepared combined solutions with varying ratios of POA/PZA in MODS supernatant to create the final concentrations of 5/645 µM, 25/625 µM, 50/600 µM, and 75/575 µM. Note that, due to the limited availability of MODS culture reagents, it was only possible to perform this experiment once.
Data analysis
The data collected was considered to be nonparametric given the small sample sizes present. The mean of the repeated current readings measured during voltammetry was calculated and then plotted to make a graphical representation of the change of current for a given concentration of POA. This was repeated with a log transformation of POA concentration. These processes were undertaken for both cyclical and linear voltammetry as well as for each of the configurations of the two electrochemical sensors. In addition, the difference between the current detected by each of our electrochemical sensors and each of the concentrations of POA was assessed using the Kruskal-Wallis Test. A subsequent post hoc analysis was performed with Dunn's test. These statistical tests were undertaken using GraphPad Prism version 7.03 software (GraphPad Software, La Jolla, California, USA). A significance level of 5% was set for these statistical tests.
results
Detection of pyrazinoic acid in water
The most negative currents detected in POA solutions occurred with the use of the large platinum sensor when exposed to a potential difference of 2 V [Figures 3 and 4 ]. We found that a linear as opposed to a logarithmic trend better appreciated the relationship of an increasingly negative current with increasing POA concentration from approximately 10 µM to 100 µM. Descriptive statistics of the currents recorded by each sensor for each concentration of POA are shown in Table 1 . The Kruskal-Wallis test was used to analyze the differences between the current detected and the concentration of POA for both the electrochemical sensors with either the gold or platinum working electrode. The small gold, large gold, small platinum, and large platinum electrochemical sensors all demonstrated statistical significance with regard to the detection of an increasing POA concentration (χ 2 = 41.28, P < 0.0001; χ 2 = 43.73, P < 0.0001; χ 2 = 46.68, P < 0.0001; χ 2 = 46.68, P < 0.0001, respectively). Post hoc analysis revealed that the small electrochemical sensor with either a gold or platinum working electrode could at a minimum differentiate between 1 µM and 70 µM of POA (P = 0.0051 and P = 0.0103, respectively; Figure 5 ). Whereas, the large electrochemical sensor with either a gold or platinum working electrode could discriminate a lower concentration of 40 µM POA from 1 µM [P = 0.0250 and P = 0.0190, respectively; Figure 5 ].
Detection of pyrazinoic acid, pyrazinamide, and a combination of pyrazinoic acid/pyrazinamide in the supernatant of a negative MODS culture
Negative MODS culture fluid containing only PZA at a concentration ranging from 575 to 645 µM was found to generate a low-negative current (-2.5 mA) when a potential Figure 6 ]. However, it was found on visual inspection that both solutions containing POA (i.e., solely POA and a POA/PZA combination) showed a similar graphical trend and were also associated with a more negative current (range of −4 to −9 mA; Figure 6 ).
dIscussIon
The concentration of POA detected in the supernatant of a PZA exposed liquid MODS culture of MTB is inversely associated with PZA resistance, and hence, is a marker of importance. [17, 18] Methods for POA detection exist including mass spectrometry [24] and spectrophotometric quantitative Wayne assay; [25] however, these require expensive equipment and materials. Other studies have reported the development of electrochemical sensors that can detect PZA as opposed to POA; [19, 20] however, these are not of use in detecting PZA-resistant MTB given the mechanism by which these microorganisms develop resistance to PZA. Accordingly, here, we report the development of inexpensive and reusable electrochemical sensors that is capable of detecting POA.
We developed two electrochemical sensors for a material cost of approximately $80 each. Both electrochemical sensors contain two working electrodes, gold, and platinum, of which Figure 5 : Graph showing the relationship between the concentration of pyrazinoic acid in solution and current when the solution is exposed to a potential difference of 2 V. Results are plotted for both the large (13.2 mm) and small (4 mm) electrochemical sensor with use of either a gold or platinum working electrode. Plotted values represent the median and 95% confidence interval for repeated measurements (n = 6). Statistical analysis was undertaken using the Kruskal-Wallis test followed by Dunn's post hoc test to compare each pyrazinoic acid concentration group to the reference solution containing 1 µM of pyrazinoic acid (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001) one is selected for use at a time. Of the two sensors, one is large for use in 10 ml beakers while the second sensor is small and for use in ELISA well plates. Voltammetric measurements with the electrochemical sensors showed no cathodic or anodic peaks; however, an increasingly negative current was detected with rising POA concentration [ Figures 3 and 6] .
In water, we demonstrated that both our small and large sensors, with either the gold or platinum working electrodes, were able to detect POA concentrations as low as 40 µM and 70 µM, respectively, in a statistically significant manner [ Figure 5 ]. This is markedly lower than the Wayne assay [16] which is often used in resource-poor settings and can only detect POA at concentrations above 0.5 mM (P. Sheen personal communication). It is important to note though that at present our detection limit of 40 µM is higher than that of quantitative spectrophotometrical colorimetric Wayne assay. [25] However, the benefits of our electrochemical sensors over this method are that they are more affordable and have the potential for miniaturization. These features are both keys for the development of alternative techniques for the detection of PZA-resistant MTB strains in resource-poor settings.
In the laboratory setting, the supernatant of a PZA exposed MODS culture for MTB does not initially contain POA but other molecules. Accordingly, we tested the use of the small platinum electrochemical sensor in the supernatant of a negative MODS culture. A similar graphical trend and level of detected current were observed in both the sample containing only POA as for the sample containing a combination of POA/PZA [ Figure 6 ]. In contrast, the current detected in the MODS supernatant containing only PZA was both lower in amplitude and did not show the same increasingly negative trend as PZA concentration increased [ Figure 6 ]. This observation suggests that in the supernatant of a negative MODS culture that our electrochemical sensor can detect POA electrical signals even in the presence of other molecules, Figure 6 : Graph showing the relationship between current and the concentration of pyrazinoic acid, pyrazinamide, or a combined solution (pyrazinoic acid/Pyrazinamide) in the supernatant of a negative microscopically observed drug susceptibility culture. This relationship was assessed with the solutions being exposed to a potential difference of 2 V and with the use of the small (4 mm) electrochemical sensor set up with a platinum working electrode including PZA. Note though that due to limited access to MODS culture supernatant, we were unable to collect a sample size sufficiently large enough to undertake a statistical analysis of this observation. In addition, this study did not test our electrochemical sensor in the supernatant of a MODS culture containing active MTB due to sample access issues. Therefore, further studies are needed focusing on these areas.
conclusIon
This study presents the proof of concept of a new and inexpensive means for measuring low concentrations of POA through voltammetry. This method can detect concentrations of POA as low as 40 µM and represents a quantitative assay for POA. Further studies are needed to assess the role of POA electrochemical sensors in the detection of PZA-resistant MTB strains in active MODS cultures.
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